Abstract The organozirconium complex with a-Keggintype mono-aluminum-substituted silicotungstate, [(n-C 4 H 9 
Introduction
Polyoxometalates (POMs) are discrete anionic metaloxygen clusters that can be regarded as soluble oxide fragments. They have attracted substantial attention in the fields of catalysis, surface science, and materials science because of their chemical properties, including their redox potentials, acidities, and solubilities in various media, which can be finely tuned by choosing the appropriate constituent elements and countercations. In particular, the coordination of metal ions to the vacant site(s) of lacunary POMs is one of the most effective techniques for constructing efficient and well-defined active metal centers [1] [2] [3] [4] .
Several strategies for expanding POM chemistry have been considered, and covalent grafting reactions of organic/organometallic fragments onto the surfaces of POMs has been presented as an effective technique to functionalize POM-based materials [5] [6] [7] . For grafting reactions, complete (plenary) POMs obtained by the substitution of d 0 transition metals or reduction [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and lacunary POM ligands [5] [6] [7] [17] [18] [19] [20] [21] [22] [23] [24] have been used as supports, and numerous organic-inorganic hybrid materials have been applied to catalysts and functionalized materials. Thus, the development of polyoxoanion-supported organic/ organometallic compounds has great potential to further expand POM chemistry.
To explore POMs that could be used as supports for grafting reactions, we focused on the aluminum-substituted POMs and successfully synthesized an organozirconium(IV)-supported polyoxometalate, [a-PW 11 Al(OH)O 39-ZrCp 2 ] 2 6-(Cp = g 5 -C 5 H 5 -) (P-Al-Zr), by a grafting reaction of a-Keggin mono-aluminum-substituted phosphotungstate with a bis(g 5 -cyclopentadienyl)zirconium(IV) fragment [25] . Although the chemistry of organometallic moieties possessing g 5 -cyclopentadienyl ligands has rapidly expanded [26] [27] [28] , new studies on their grafting reactions onto POM surfaces have not been conducted: some examples (determined by X-ray analysis) include {[Cp 2 5-(M = Nb, Ta) [34] . In this study, we focused on the use of the tetra-n-butylammonium/potassium salt of a-Keggin mono-aluminumsubstituted silicotungstate, [(n-C 4 H 9 ) 4 N] 4 K 0.5 H 0.5 [aSiW 11 {Al(OH 2 )}O 39 ]ÁH 2 O (TBA-Si-Al), as a support and synthesized the tetra-n-butylammonium salt of the organozirconium(IV) compound, [(n-C 4 H 9 ) 4 N] 6 [a-SiW 11-Al(OH) 2 The number of solvated water molecules in these compounds was determined by TG/DTA analysis. TBA-P-Al, TBA-P-Al-Zr, and Cp 2 Zr(OTf) 2 ÁTHF (OTf = CF 3 SO 3 -) were synthesized by previously published methods [25, 37] . All the reagents and solvents were obtained and used as received from commercial sources. Acetonitrile (containing B0.001 % water) was used for the synthesis of TBA-Si-Al-Zr.
Instrumentation/Analytical Procedures
Elemental analysis was performed using a Mikroanalytisches Labor Pascher (Remagen, Germany) instrument. The samples were dried overnight at room temperature under 10 -3 -10 -4 Torr vacuum before analysis. Infrared spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer, in KBr disks, at room temperature. Thermogravimetric (TG) and differential thermal analysis (DTA) data were obtained using a Rigaku Thermo Plus 2 series TG/ DTA TG 8120. TG/DTA measurements were performed in air while increasing the temperature by 4°C per min from 20 to 500°C. 27 Al NMR spectra were reported as positive on the d scale for resonances downfield of AlCl 3 (d 0). When a quartz tube was used for 27 Al NMR spectroscopy, a background signal was also observed in the spectrum. Solid-state 27 Al, 13 C, and 29 Si NMR spectra were recorded at 400 MHz on a JEOL JNM-ECA 400 FT-NMR spectrometer with a JEOL ECP-400 NMR data-processing system. The chemical shifts d for 27 Al and 13 C NMR spectra were reported to be positive on the Potentiometric titration was carried out with 0.010 mol/L tetra-n-butylammonium hydroxide as a titrant under Ar atmosphere [38] . The compound TBA-Si-Al-Zr (0.010 mmol) was dissolved in acetonitrile (20 mL) at 25°C, and the solution was stirred for approximately 5 min. The titration data were obtained with a pH meter (Mettler Toledo). Data points were obtained in millivolt. A solution of tetra-n-butylammonium hydroxide (0.010 mol/L) was syringed into the suspension in 0.10-equivalent intervals. ? ).
X-ray Crystallography
A yellow platelet-shaped crystal of TBA-Si-Al-Zr (0.140 9 0.090 9 0.040 mm) was mounted on a MicroMount. Data were collected on a Rigaku VariMax instrument with Saturn connected to a multi-layer mirror using monochromated Mo Ka radiation (k = 0.71075 Å ) at 154 ± 1 K. Data were collected and processed using the CrystalClear for Windows software. The structural analysis was performed using the CrystalStructure for Windows software. The structure was solved using SHELXS-97 (direct methods) and refined using SHELXL-97 [39] . For the polyoxoanion Si-Al-Zr, 22 W atoms, 2 Zr atoms, 2 Si atoms, 2 Al atoms, and 80 O atoms were clearly identified, thereby clarifying the main features of the molecular structure of the polyoxometalate. The six tetra-n-butylammonium ions and two water molecules could not be modeled with disordered atoms. Accordingly, the residual electron density was removed using the SQUEEZE routine in PLATON [40] . 
MPV Reduction
For the MPV reduction of cyclohexanone with 2-propanol in a homogeneous system, a sample catalyst was placed in a 60 mL Schlenk tube under Ar atmosphere. Cyclohexanone (1.9 mmol), 2-propanol (13 mmol), and acetonitrile (4 mL) were added using a micropipette. In a heterogeneous system, a mixture of catalyst, ketones (cyclohexanone, cyclopentanone, and 2-hexanone; 1.6-2.2 mmol), and 2-propanol (78 mmol) was placed in a Schlenk tube under Ar atmosphere. The reaction mixture was heated in an oil bath at 80 ± 2°C. The reaction solution was analyzed by gas chromatography (flame ionization detector, a capillary column DB-WAX, 0.53 mm 9 15 m and a glass column BX-10, 3.2 mm 9 3 m) and 1 4-(P-Al) with zirconocene dichloride. In addition, single crystals suitable for X-ray crystallography of TBA-Si-Al-Zr were quite stable toward moisture; in contrast, the quality of TBA-P-Al-Zr crystals degrades gradually upon exposure to moisture. Thus, the internal Si and P atoms in polyoxoanions markedly affected the reactivity with zirconocene dichloride and the resulting stability toward moisture.
Elemental analysis of TBA-Si-Al-Zr dried overnight at room temperature under 10 -3 -10 -4 Torr of vacuum prior to analysis was consistent with the composition [(n-C 4 H 9 ) 4 X-ray structural analysis revealed that the polyoxoanion Si-Al-Zr is dimeric, containing two {SiW 11 AlO 40 } units bridged by two ''bent sandwich'' Cp 2 Zr 2? fragments, as shown in Fig. 1 . Selected bond distances and angles around the Zr center in Si-Al-Zr are summarized in Table 1 , and the bond valence sum (BVS) calculations of the W, Si, Al, and O atoms (Table S1 ) are provided in the Supporting Information. Each Zr center was bound to the terminal O atoms of the Al and W sites and to the edge-sharing O atom of the Al-O-W linkage with 5-coordination geometry. The molecular structure of Si-Al-Zr was quite similar to that of P-Al-Zr; however, the AlÁÁÁAl (5.47 Å ) distance was larger than that of the polyoxoanion P-Al-Zr (5.32 Å ), and the angles of the Al-O-Zr bond (109.7°), the O-Zr-O bond (73.5°), and the W-O-Zr bond (163.6°) were larger than those of the polyoxoanion P-Al-Zr (105.3°, 69.1°, and 159.7°, respectively). Thus, the two {SiW 11 AlO 40 } units were displaced from each other relative to those of the polyoxoanion P-Al-Zr.
The values of the bond valence sums (BVSs) for TBASi-Al-Zr [41] [42] [43] [44] , which were calculated based on the observed bond lengths, were in the range of 5. (Table S1 ). The calculated BVS values of O (18) and O(21) at the Al-O-Zr and Al-O-W linkages were 1.033 and 1.249, respectively, suggesting that a pair of protons were bound to each of the two bridging O atoms between the Al and Zr atoms, and another pair of protons was bound to the two bridging O atoms between the Al and W atoms. From the potentiometric titration, three break points at 2, 3, and 4 equivalents of added base were observed, as shown in Figure S1 . This result also supported the presence of four protons in Si-Al-Zr.
The FTIR spectra acquired in the POM region of TBASi-Al-Zr and TBA-Si-Al from KBr disks of the compounds are presented in Fig. 2 The cold-spray ionization mass (CSI-MS) spectrum of TBA-Si-Al-Zr in acetonitrile exhibited peaks at m/ z = 3910.8 and 7577.4, as shown in Fig. 3 . These peaks were assigned to [{(n-C 4 H 9 ) 4 ? , respectively, clearly indicating that the dimeric structure of Si-Al-Zr was maintained in acetonitrile solution.
The solution 27 Al NMR spectra of TBA-Si-Al-Zr and TBA-Si-Al acquired at 25°C in acetonitrile-d 3 are shown in Figs. 4 and S2. TBA-Si-Al-Zr showed a signal at 15.5 ppm, which was shifted relative to that of TBA-Si-Al (d 16.0). The solid-state 27 Al NMR spectrum of TBA-SiAl-Zr also showed a signal at 9.8 ppm, as shown in Figure S3 . These results indicated that the g 5 -cyclopentadienylzirconium fragment was grafted on the surface of SiAl and that the two Al sites in the {SiW 11 AlO 40 } unit were equivalent in both the solution and solid phases. The solution 29 Si NMR spectrum was not obtained because of the low solubility of TBA-Si-Al-Zr in acetonitrile. The solid-state 29 Si NMR spectrum of TBA-Si-Al-Zr was quite noisy; however, a signal was observed at -81.9 ppm ( Figure S4 ). This also confirmed that the two {SiW 11-AlO 40 } units were equivalent.
The 1 H NMR spectrum (Fig. 5a ) of TBA-Si-Al-Zr obtained at *25°C in acetonitrile-d 3 showed four signals at 6.69, 6.64, 6.63, and 6.59 ppm, with an integrated intensity ratio of approximately 1:1:1:1; these peaks were shifted relative to those of Cp 2 Zr(OTf) 2 ÁTHF (d 6.52). No Al NMR spectra in acetonitrile-d 3 of a TBA-Si-Al and b TBA-Si-Al-Zr (Fig. 5b) . In contrast, the solid-state 13 C NMR spectrum of TBA-Si-Al-Zr showed a signal at 116.2 ppm that was ascribed to Cp ligands, as shown in Fig. 6 . Thus, the four Cp ligands were not equivalent in acetonitrile solution whereas they were equivalent in the solid phase. First of all, the hydrogen-transfer reaction between cyclohexanone and 2-propanol at 80 ± 2°C catalyzed by TBASi-Al-Zr and TBA-P-Al-Zr was examined in a homogeneous system, as shown in Fig. 7 . The catalytic activities are summarized in Table 2 . During the reduction reactions, all the catalysts in Table 2 Here, Cp 2 Zr(OTf) 2 THF showed faster initial rates, as shown in Figure S5 . The conversion after 3 h was 29 %, exceeding those of TBA-Si-Al-Zr (18 %) and TBA-PAl-Zr (20 %), and after 24 h, the conversion was 82 % (TON was 116). When TON was calculated on the basis of [mol of cyclohexanol]/[mol of zirconium atom], both TON after 24 h of TBA-Si-Al-Zr and TBA-P-Al-Zr was 140, which was similar order to that of Cp 2 Zr(OTf) 2 THF (116). Thus, a clear effect of grafting reactions of Cp 2 Zr(OTf) 2-THF onto the mono-aluminum-substituted sites in TBASi-Al-Zr and TBA-P-Al-Zr was not observed under the present reaction conditions. However, TBA-Si-Al-Zr and TBA-P-Al-Zr can be used as heterogeneous catalysts because they are insoluble in 2-propanol; while, Cp 2 Zr(OTf) 2 ÁTHF is soluble in 2-propanol. The catalytic activities of TBA-Si-Al-Zr and TBA-P-Al-Zr in a heterogeneous system, i.e., in the absence of acetonitrile, were investigated for the MPV reduction of cyclohexanone, cyclopentanone, and 2-hexanone with 2-propanol at 80 ± 2°C, as shown in Table 3 . For the all reactions, the corresponding alcohols and acetone were formed with [99 % selectively. For the reaction of cyclohexanone, the conversion after 24 h of TBA-SiAl-Zr reached [99 %; while, TBA-P-Al-Zr showed a low conversion (46 %). A numerous homogeneous and heterogeneous catalysts for MPV reduction have been reported [45, 46] [52] , Mg/Al and Ca/Al mixed oxides [53, 54] , and aluminum isopropoxide-grafted mesoporous organosilica [55] , exhibited high conversions ([80 %) of cyclohexanone with 2-propanol under various reaction conditions. Although it is difficult to draw a simple comparison, the catalytic activities of TBA-Si-Al-Zr were by no means inferior to them in both homogeneous and heterogeneous system. TBA-Si-Al-Zr also showed the higher conversion (55 % after 96 h) in the MPV reduction of cyclopentanone than that of TBA-P-Al-Zr (30 %). When 2-hexanone was used as a substrate, the conversion after 96 h of TBA-SiAl-Zr decreased to 24 %, which was similar to that of TBA-P-Al-Zr (26 %). After 24 h of reaction for cyclohexanone, the catalysts were collected using a membrane filter (JG 0.2 lm) and washed with a small amount of ethanol. No precipitation was formed by the addition of excess water to the filtrates, suggesting no leaching of TBA-Si-Al-Zr and TBA-P-Al-Zr into the reaction solutions. 31 P NMR spectrum in acetonitrile-d 3 of the filtrate of TBA-P-AlZr also showed no signals; this suggested that TBA-PAl-Zr did not leach into the solutions. The FT-IR spectra of solid samples showed bands at (1010, 965, 921, 883, 800, 758, and 668 cm -1 ) and (1080, 1065, 969, 888, 810, 786, 749, 703, and 629 cm -1 ), respectively, which were the same as those of as-prepared samples [25] . The 31 P NMR spectrum in acetonitrile-d 3 of a solid sample of TBA-P-Al-Zr also showed two signals at -12.25 and -12.35 ppm, which were the same as those of as-prepared sample [25] . No other signals were observed. These results suggested that the dimeric structures of TBA-Si-Al-Zr and TBA-P-Al-Zr were maintained under the present reaction conditions. For the 1 H NMR spectrum in acetonitrile-d 3 of a sample of TBA-Si-Al-Zr, four signals assigned to Cp ligands were observed at 6.69, 6.64, 6.63, and 6.59 ppm, which were the same as those of as-prepared sample ( Figure S8a) . The 1 H NMR spectrum of a sample of TBA-P-Al-Zr showed two signals of Cp ligands at 6.67 and 6.56 ppm, as shown in Figure S8b . The two signals were also the same as those of as-prepared sample [25] . Thus, the active centers would not be caused by cleavage of linkages between the two Keggin mono-aluminum-substituted units. When a solid sample of TBA-Si-Al-Zr was used as a catalyst in the second run for the MPV reduction of cyclohexanone with 2-propanol at 80 ± 2°C, the conversion after 24 h was approximately 90 %, showing that TBA-Si-Al-Zr was basically recyclable. Further studies regarding the reaction mechanism including determination of the active centers are in progress and will be reported elsewhere.
Conclusion
The tetra-n-butylammonium salt of [a-SiW 11 Al(OH) 2 2 ÁTHF in acetonitrile solution under an Ar atmosphere, followed by precipitation from water and crystallization via vapor diffusion from acetonitrile/ methanol in air. Single-crystal X-ray structure analysis of TBA-Si-Al-Zr revealed that the two {SiW 11 AlO 40 } units are bridged by two ''bent sandwich'' Cp 2 Zr 2? fragments, in which the four g 5 -cyclopentadienyl ligands were equivalent in the solid phase but not equivalent in acetonitrile solution. The molecular structure of Si-Al-Zr was quite similar to that of [a-PW 11 Al(OH)O 39 ZrCp 2 ] 2 6-(P-Al-Zr); however, the partial structures around Al and Zr centers, including the position and number of protons, and the dynamic behaviors of the four Cp ligands in acetonitrile solution were remarkably different from those of P-Zr-Al. TBA-Si-Al-Zr was also formed by a 1:1 stoichiometric reaction of TBA-Si-Al with Cp 2 ZrCl 2 in air; this was different from that of [(n-C 4 H 9 ) 4 N] 6 [a-PW 11 Al(OH)O 39-ZrCp 2 ] 2 (TBA-P-Al-Zr). Furthermore, we investigated the catalytic activities of TBA-Si-Al-Zr and TBA-P-AlZr in the MPV reduction of cyclohexanone, cyclopentanone, and 2-hexanone with 2-propanol in both homogeneous and heterogeneous system. In a homogenous system, both compounds exhibited [99 % conversions after 24 h for the MPV reduction of cyclohexanone; thus, a clear effect of the internal atoms was not observed. In contrast, TBA-Si-Al-Zr exhibited the higher activities than those of TBA-P-Al-Zr for cyclohexanone and cyclopentanone in a heterogeneous system. FT-IR and 31 P NMR spectra showed that the dimeric structures of these compounds were maintained under the present reaction conditions. Thus, the direct reaction of Cp 2 Zr(OTf) 2 THF (or Cp 2 ZrCl 2 ) with TBA-Si-Al-Zr caused the high catalytic activities for MPV reduction in both homogeneous and heterogeneous system.
